Background-Although environmental toxins, including pesticides, are suspected of contributing to the risk of amyotrophic lateral sclerosis (ALS), no data exist from large prospective investigations. This study assessed the association between exposure to chemicals and risk of ALS in a prospective cohort study.
exposure. Because of the longitudinal design, this result is unlikely to be due to bias, but it should nevertheless be interpreted cautiously and needs to be independently verified.
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motor neuron disease; pesticide; formaldehyde; prospective studies; epidemiology A contribution of environmental exposures to the etiology of amyotrophic lateral sclerosis (ALS) is suggested by geographic variation in ALS incidence, some genetic studies, and several epidemiological studies, with pesticide exposures in particular often implicated. [1] [2] [3] [4] [5] [6] [7] Most of the epidemiological findings are from case-control studies, which are prone to recall bias and biased control selection. 4, 8 We therefore explored the association between exposures to pesticides and other chemicals and ALS mortality in a prospective study of the Cancer Prevention Study-II (CPS-II) cohort of the American Cancer Society. 9 
Methods

Study population
We prospectively followed 414,493 male and 572,736 female CPS-II cohort participants who were alive as of January 1, 1989 (earlier ALS deaths were not coded separately), reported no major illness at baseline (1982), and were not missing data on age or sex.
Case ascertainment
Vital status of the study participants was determined by automated linkage with the National Death Index (NDI). Death certificates (1989) (1990) (1991) (1992) or codes for cause of death (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) were obtained for over 98% of known deaths. ALS deaths were defined as an underlying or contributing cause of death on death certificates of ICD-9 (1989-1998) code 335.2 or ICD-10 (1999-2004) code G12.2 (motor neuron disease). A review of death certificates found that virtually all such deaths had a diagnosis of ALS (98.3%) or bulbar palsy (1.1%). 10 
Assessment of exposure
In the baseline questionnaire, participants were asked whether they were currently exposed or had been regularly exposed in the past to the series of chemical classes found in table 1. Because the risk of ALS (fully-adjusted) among participants who left blank the answer to one or more questions on chemical exposures was virtually identical to that in the corresponding unexposed group, these individuals were considered as unexposed. Exposed individuals were further categorized according to self-reported years of exposure.
Statistical analyses
Participants contributed follow-up time from January 1, 1989 to the date of death, or December 31, 2004 (the most recent linkage with NDI), whichever came first. We used Cox proportional hazards regression stratified by both age and calendar time in single years to estimate rate ratios (RR) and 95% confidence intervals (CI) adjusted for factors possibly related to ALS as indicated (footnote, Table 1 ). All chemical exposures were considered in the same model simultaneously. Covariate data were obtained from responses to the CPS-II baseline questionnaire. SAS version 9.1 was used for all analyses.
Results
Between 1989 and 2004 we documented 617 ALS deaths during 5,473,411 person-years among men and 539 ALS deaths during 8,104,402 person-years among women. There was no difference in ALS mortality rate by pesticide/herbicide exposure among the entire cohort (Table 1) . When excluding those participants who reported pesticide exposure but not duration of that exposure, the association was slightly stronger ( Table 1 ). The RRs for those reporting <4 years, 4-10 years, and >10 years of exposure to pesticides/herbicides compared to the unexposed were 0.62 (95% CI: 0.09-4.45), 1.92 (95% CI: 0.71-5.19), and 1.48 (95% CI: 0.82-2.67), respectively. Because the accuracy of the ALS diagnosis may decrease at older ages, 11 we repeated the analyses with follow-up only until age 75. Results of these analyses were slightly stronger, but only when excluding participants with missing duration of exposure (RR: 1.67; 95% CI: 0.93-3.02; p=0.09). No significant association was found between exposure to pesticides and ALS mortality among farmers, whether or not individuals missing duration of exposure were excluded.
Overall, we found no significant association with ALS mortality for any of the other chemical exposures, although associations with coal tar/pitch/asphalt (decreased rate) and formaldehyde (increased rate) were suggestive ( Table 1 ). There were too few ALS deaths among people reporting coal tar exposure and the duration of that exposure (n=1) to assess any possible trend with increasing duration of exposure. There was, however, a strong dose-response relation between years of formaldehyde exposure and ALS mortality rate that was significant at p=0.0004 ( Figure 1 ). The overall RR for ALS mortality excluding those who reported exposure but no duration was 2.47 (95% CI: 1.58-3.86; p<0.0001). While there were many more men than women who reported exposure to formaldehyde but not the duration of exposure, the overall results and dose-response relation among those who did report duration were similar for each sex. Results were similar when limiting follow-up to age 75. None of the other chemical exposures appeared to be associated with ALS (Table 2 ) even when excluding those reporting exposure but not duration for a given chemical class. Similarly, none of the other chemical classes exhibited any trend with increasing duration of exposure.
Discussion
In this large prospective study we did not find an association between ALS mortality and selfreported exposure to pesticides/herbicides, although there was some indication that those reporting four or more years of such exposure may be at increased risk. The ALS death rate was also not significantly increased among individuals who reported exposure to any of the other 9 chemicals included in the survey, nor X-rays, with the possible exception of formaldehyde. Among individuals with known duration of exposure to formaldehyde, the ALS death rate was more than two times higher than among those unexposed and there was a strong and highly significant dose-response relation with years of exposure. The less pronounced increased risk of ALS with formaldehyde exposure when individuals not reporting duration of exposure were included would result if not reporting duration of exposure reflects less certain, and thus overall lower, exposure levels.
Several studies, although not all, have implicated agricultural occupations or pesticide exposures in the risk of ALS. [2] [3] [4] [5] 12 Furthermore, some reports, but not all, suggest an increased risk of ALS among people with paraoxonase-1 polymorphisms that lead to reduced organophosphate pesticide detoxification capability. 7 Our prospective cohort approach is an advantage over previous case-control studies because it eliminates recall bias and avoids possible problems with control selection, but the limited exposure assessment is a disadvantage.
To our knowledge exposure to formaldehyde has not previously been suggested as a risk factor for ALS. Formaldehyde can have neurotoxic effects, [13] [14] [15] including increasing oxidative stress -in part by reducing activity of superoxide dismutase-and increasing mitochondrial membrane permeability, 14, 16 both of which have been implicated in ALS. 17, 18 Formaldehyde exposure has generally decreased in the US since it was classified as a probable human carcinogen at high exposure levels by the US EPA in 1987, but sources of potential exposure remain widespread. 19, 20 Of particular note, formaldehyde is a byproduct of cigarette smoke, which may account for up to 10-25% of indoor air formaldehyde exposure. 19 Apart from age and gender, cigarette smoking is perhaps the most consistent non-genetic risk factor for ALS. 1 Strengths of this study include the large sample size, prospective exposure data collection, and data on several potential confounders. The main limitations are the reliance on self-reported exposure, and lack of information about the frequency and intensity of exposures or exposure after 1982. Nor did we have information on exposure to specific pesticides. Thus we cannot exclude the possibility that a true association exists between a given chemical exposure-for example, pesticides-and ALS, but was attenuated by exposure misclassification. With respect to pesticide/herbicide exposure, however, the utility of the measure was indirectly demonstrated in a previous report of ours showing an increased risk of Parkinson's disease among those reporting exposure to pesticides/herbicides in the CPS-II Nutrition cohort, 21 a subset of the full CPS-II cohort analyzed here. We also cannot rule out the possibility that the increased risk attributed to formaldehyde could be the result of exposure to some other unmeasured factor commonly associated with formaldehyde.
Additional limitations to the study include reliance on mortality rather than incidence, although any bias is likely to be small because the median survival with ALS is short (1.5-3 years) 22 , 23 making mortality a good surrogate for incidence. Additionally, death certificates accurately identify an estimated 70-90% of ALS or motor neuron disease cases. 24, 25 Thus, a small number of ALS deaths will have been attributed to other causes in CPS-II. If people with a given chemical exposure were less likely to have ALS reported on the death certificate-perhaps related to socioeconomic status-then ALS mortality could be underestimated in that group. It is less likely that a diagnosis of ALS would be made on the death certificate in patients who did not have the disease because the diagnosis becomes manifest with disease progression. The general validity of our ALS assessment is supported by the similarity of age-specific mortality rates in our population and incidence rates in a Washington State study-with a slight lag because mortality reflects incidence at younger ages. 10 In summary, in this large prospective study we found only a slight, not statistically significant suggestion of increased risk of ALS mortality by self-reported exposure to pesticides/ herbicides. In contrast, we found evidence suggesting an increased risk of ALS with formaldehyde exposure, including a strong trend with increasing years of exposure. Because of the longitudinal design of the study this finding is unlikely to be due to bias, but it should nevertheless be interpreted cautiously and needs to be independently verified. Table 1 Baseline multivariate-adjusted rate ratio (RR) of ALS by class of chemical exposure in the entire cohort and excluding individuals reporting exposure to a given chemical class but no duration (restricted cohort). a Adjusted for age, sex, smoking (never, former, current), military service (yes/no; all women were coded as "no" because they were not asked this question), education (some high school, completed high school, vocational/trade, some college, completed college/graduate school), alcohol intake (non-drinkers and quartiles of grams per day), occupation (farmer, laboratory technician, machine assembler, programmer), vitamin E use (never, occasional, regular <10 years, regular >10 years), and all other chemical classes.
b
The number of cases among the exposed in these analyses were: pesticides/herbicides, 18; asbestos, 10; chemicals/acids/solvents, 36; coal or stone dusts, 8; coal tar/pitch/asphalt, 1; diesel engine exhaust, 9; dyes, 13; formaldehyde, 22; gasoline exhaust, 30; textile fibers/dusts, 22; wood dust, 8; X-rays/radioactive material, 14.
